To better understand the environmental impact of lead (Pb) in shooting range soils, Pb levels in three berm soils were characterized via size distribution, total Pb concentration, water-soluble Pb, sequential extraction and X-ray diffraction (XRD). About 60% of the mid-berm soils of ranges G and O existed in grain sizes between 0.5 and 0.25 mm (medium sand) while range-L was most abundant in the 0.25 -0.106 mm (fine sand) size fraction. All three range soils had the most accumulation of lead (60 -70%) in the very coarse sand size (2.0 -1.0 mm). In ranges G and L, the index shows a decreasing Pb enrichment with decreasing particle size, which may be a result of bullet fragmentation and abrasion in shooting range soils. Sequential extractions reveal that ranges G and L had the highest proportion of Pb bound to organic matter while range-O was dominated by the carbonate-bound fraction. However, a substantial proportion (one-third) of Pb in soil from the three shooting ranges was associated with carbonates. The XRD result revealed the dominance of carbonates in range-O soil, calcite in range-G soil and metallic lead in ranges G and O soil. The conversion of metallic lead to carbonates may be a mechanism for natural attenuation of lead in shooting range soils. Implications for remediation of shooting range soils are further discussed.
INTRODUCTION
Lead is a toxic heavy metal, which is detrimental to human health, especially to children. High Pb concentrations in soils have been reported in shooting range soils due to the abrasion and weathering of bullets accumulated over the years (Hardison et al., 2004) . Total Pb concentrations up to 5.4% have been found in some shooting range soils in the US (Manninen and Tanskanen, 1993) . However, total Pb concentrations in soils are not as important as available Pb, which causes adverse impacts to the environment through leaching into groundwater or runoff into streams, lakes and rivers.
Both toxicity characterization leaching procedure (TCLP) and synthetic precipitation leaching procedure (SPLP) have been used to assess the toxicity and leachability of lead in contaminated soils (Hardison et al., 2004) . Though Pb is a relatively immobile metal, previous studies have reported high concentrations of TCLP-Pb and SPLP-Pb in shooting range soils (Cao et al., 2003b) . Hence Pb from shooting range soils may be important sources of Pb contamination to soils and groundwater (Hardison et al., 2004) .
Available Pb in soils can be used as an indicator of its adverse impacts on the environment (Ma and Rao, 1997) . Risk assessment of contaminants requires information on contaminant pools of differential mobility and availability in a soil (Wenzel et al., 2001) . Sequential extraction, water solubility, particle size separation and mineralogical analysis have been widely used as tools to assess both metal mobility and availability in soils (Tessier et al., 1979) . Even though sequential extraction suffers from a lack of specificity during chemical fractionation and resorption of dissolved metals by soils during the extraction, it is still a useful tool to evaluate metal availability in soils (Fayiga et al., 2007) . The different chemical and mineralogical forms present in soils largely determine the mobility and availability of metals (Song et al., 1999) .
An understanding of Pb availability in soils should help to reduce lead movement offsite and into groundwater. Hence, the overall objective of this study was to characterize Pb in shooting range soils via chemical and physical separation. The specific objectives were to (1) determine Pb distribution in different size fractions, (2) evaluate Pb association in different chemical forms via sequential extraction, and (3) compare TCLP-Pb and SPLP-Pb and water-soluble Pb in different soils. The results from this study should provide valuable information on Pb availability in shooting range soils and have implications for selection of remediation methods and best management practices in shooting range soils.
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MATERIALS AND METHODS

Soil characterization
The soils used in this experiment were collected from the mid-berm of three shooting ranges in North Central Florida. They were labelled as range-G, -L and -O and their properties are listed in Table 1 .
Soil pH was measured using a 1 : 2 soil to water ratio after 24 h. Cation exchange capacity (CEC) was determined by shaking 5 g soil with 25 mL of 1 M ammonium acetate for 2 h (Gillman and Sumpter, 1986) . The soil was then allowed to stand overnight before filtration was done. Exchangeable cations in the extract were measured by using flame atomic absorption spectrophotometry (FAAS; Varian 220 FS with SIPS, Walnut Creek, CA). Organic matter content was determined by the Walkley Black method (Nelson and Sommers, 1982) .
Water-soluble Pb was determined after shaking for 1 h at 1 : 5 soil:water ratio. The soils were digested for Pb analysis with 1 : 1 nitric acid (EPA Method 3050b) using the Hot Block Digestion System (Environmental Express, Mt. Pleasant, SC). Total and water-soluble Pb contents were analyzed using FAAS.
All chemical analyses were performed following the QAyQC protocols of NELAC (National Environmental Laboratory Accreditation Conference). Standard soil reference materials from the National Institute of Science and Technology (NIST, Gaithersburg, MD) and spikes were used to assess method accuracy and precision (within 100 + 20%).
Particle size analysis Mid-berm soils (100 g) from three shooting ranges were air-dried and passed through a series of sieves with different diameters. The USDA system of classification was applied to determine particle size distribution (Miller and Gardiner, 1998) . Different particle size fractions include: 2-1 mm (very coarse sand), 1 -0.5 mm (coarse sand), 0.5 -0.25 mm (medium sand), 0.25 -0.106 mm (fine sand), 0.1 -0.053 mm (very fine sand), and 50.053 mm (silt þ clay). These fractions were expressed as a percentage of total soil mass. Soil samples from different particle sizes were digested for total Pb analysis with 1 : 1 nitric acid (EPA Method 3050b) using the Hot Block Digestion System (Environmental Express, Mt. Pleasant, SC). Total Pb contents were analyzed on an inductively coupled plasma spectrophotometer (ICP; EPA Method 200.7).
Sequential extraction
The sequential extraction procedure of Tessier et al. (1979) was used to determine metal partitioning in different fractions in shooting range soils. One gram of soil from each range was weighed into a centrifuge tube. The exchangeable fraction (EX) was extracted with 8 mL of 1 M MgCl 2 (pH ¼ 7) for 1 hour. The carbonate-bound fraction (CB) was extracted with 8 mL 1 M NaOAc (adjusted to pH 5.0 with HOAc) for 5 hours. The Fe -Mn oxides-bound (FM) fraction was extracted with 20 mL 0.04 M NH 2 OH.HCl in 25% (vyv) HOAc with occasional agitation at 96 C for 6 hours. The organic-bound fraction (OB) was extracted by heating with 3 mL of 0.02 M HNO 3 and 5 mL of 30% H 2 O 2 adjusted to pH ¼ 2 with HNO 3 at 85 C for 2 h with occasional agitation. A second 3 mL aliquot of 30% H 2 O 2 adjusted to pH ¼ 2 with HNO 3 was added and heated at 85 C for with occasional agitation for 3 h. After cooling, 5 mL of 3.2 M NH 4 OAc in 20% (vyv) HNO 3 was added to samples, diluted to 20 mL and agitated continuously for 30 min. The residual fraction (RS) was digested using the EPA Method 3050b. Supernatants were removed with a pipette and filtered with 0.2 mm nucleopore polycarbonate membrane filters. After each extraction, the residue was washed with 8 mL deionised water, shaken vigorously, centrifuged 10 min and discarded before next extraction.
Leaching test
Toxicity characteristic leaching procedure (TCLP) was performed using a modified US EPA Method 1311 (US EPA, 1995). The extraction fluid was made of glacial acetic acid (CH 3 CH 2 COOH) and adjusted to pH of 4.93 + 0.05 using 1 M NaOH. Extraction solution of 250 mL was added to 12.5 g of soil for TCLP extraction. Synthetic precipitation leaching procedure (SPLP) extraction was done to determine Pb mobility in different shooting range soils. This was done using the extraction fluid No 1 (USEPA Method 1312) at a soil:solution ratio of 1 : 20, which simulates unbuffered acid rain for sites east of Mississippi (USEPA, 1994) . It was performed using a modified US EPA Method 1312 (US EPA, 1995). Extraction fluid was made by adding 60y40 weight mixture of H 2 SO 4 and HNO 3 to deionised water until the pH is 5.00 + 0.05. Extraction solution of 250-mL was added to 12.5 g of soil for SPLP extraction. Concentrations of Pb were determined using FAAS.
X-ray diffraction
The silt þ clay fraction (50.053 mm) was analyzed using a computer-automated X-ray diffractometer (XRD; Philips Electronic Instruments, Inc., Mahwah, NJ). The X-ray source was a Cu anode operating at 35 kV and 20 mA using CuKa radiation with a diffracted beam graphitemonochromator.
Step scanned data was collected between 2 and 60 in 2y with a step size of 0.05 and count time of 1.5 seconds per step using Bragg -Brentano geometry.
Data analysis
Treatment effects were determined by analysis of variance according to the general linear model procedure of the Statistical Analysis System. Duncan mean separation tests were used to separate treatment effects using SAS software (SAS Institute, 1987) .
RESULTS
Three shooting range soils (range-O, -L and -G) were separated into six size fractions based on USDA classification system (2.0 -1.0, 1.0 -0.5, 0.5 -0.25, 0.25 -0.106, 0.106 -0.053, and 50.053 mm), and five chemical fractions based on Tessier et al. (1979) (exchangeable-EX, carbonate bound-CB, FeyMn oxide bound-FM, organic bound-OB, and residual fraction-RS). Total Pb concentrations and mass in each size fraction were also determined. Range-O and range-G are 100-yard rifle ranges while range-L is a 200-yard rifle range. Range-G, -O and -L have been in operation for 9, 23 and 38 years, respectively (Table 1) .
Soil characteristics
All three soils were sandy (495% sand) and low in organic matter (0.21 -1.01%) with slightly acid pH (6.11 -6.72; Table 1 ). Total Pb concentrations in three soils ranged from 1% to 7% (Table 1) , with range-O having the highest and range-L the lowest. Similar trends were observed for TCLPPb (226 -2,422 mg L À 1 ) and SPLP-Pb (1.19 -3.80 mg L À 1 ). Soils having a TCLP value of 45 mg L À 1 are classified as hazardous materials and with SPLP 415 ppb may cause potential groundwater contamination. All three soils failed both TCLP and SPLP test (Table 1) . Water soluble metal represents the most mobile and potentially biotoxic fraction in soils . Different from TCLP-Pb and SPLP-Pb, water-soluble Pb showed the opposite trend, with range-O having the lowest (0.69 mg kg À 1 ) and range-L having the highest (12.1 mg kg À 1 ). In other words, the soil having the highest total Pb, TCLP-Pb and SPLP-Pb had the lowest water-soluble Pb.
Mass distribution in different size fractions
The mass distribution in different size fractions among the three range soils was similar in that all three soils had the highest mass in the medium and fine sand fractions, accounting for 71 -72% (Figure 1) . However, range-L had the highest mass in the fine sand fraction (0.25 -0.106 mm; 57%) whereas range-G and -O in the medium sand fraction (0.5 -0.25 mm; 40 -41%). While range-G and -L had 2 -8% mass in very coarse sand fraction (2.0 -1 mm), range-O had negligible amount. Since all three range soils were very sandy, they had small amounts of mass in the silt þ clay fraction (50.053 mm): with range-G and -L having * 4% and range-O having 51% (Figure 1) .
Lead concentrations in different size fractions
Among the six size fractions, Pb concentrations were the highest in the largest fraction (very coarse sand fraction) in all three range soils (Figure 2 ). For example, the Pb concentration in this fraction in range-O, which had the highest total Pb among the three ranges (Table 1) , was 3-and 6-fold greater than that for range-G and range-L, i.e. 62 versus 18 and 10 g kg À 1 (Figure 2 ). Among the other five size fractions, the coarse sand and silt þ clay fractions had the highest Pb (Figure 2 ). For example, range-O had the Lead in shooting soils in Florida highest Pb in silt þ clay fraction (14 g kg À 1 ) whereas range-G and range-L had 3 -6 g kg À 1 in the coarse sand fraction.
Weighted Pb concentration in each fraction was calculated via multiplying %mass by Pb concentration in each size fraction (Figure 3 ). Considering both Pb concentration and mass in each fraction, Pb distribution in different fractions changed (Figure 3 ). For range-O, * 64% of the Pb was in the fine and medium sand fraction whereas * 72 -74% of the Pb was in the coarse and very coarse sand fraction for range-G and -L. In all three ranges, Pb concentration in the silt þ clay fraction was the lowest, ranging 1 to 7%.
Lead partitioning in different chemical fractions Though the three soils had different total Pb concentrations, Pb was primarily associated with the organic-bound (OB) and carbonate-bound (CB) fractions (Figure 4) . On a relative basis, 44, 46 and 13% of the Pb was associated with the OB fraction, whereas 36, 34 and 82% was associated with CB fraction in range-G, -L and -O soils. In addition, * 9% and * 10% Pb was associated with FM fraction, and exchangeable fraction (EX) for range-G and -L soils, whereas only 4 and 51% for range-O soil. For all three soils, the residual fraction (RS) accounted for only 0.66 to 1.2%.
A certified reference material (CRM) soil-56 was used in the fractionation procedure. The expected range was 50.8 -94.2 mg kg À 1 and the assigned value was 82.5 mg kg À 1 . Adding Pb from all fractions from the fractionation procedure resulted in total Pb of 68.3 mg kg À 1 , a recovery of 82.4% for sequential extraction, which was acceptable. Figure 5 ) showed that metallic lead was present in range-G soil, the range with the shortest operation time among the three ranges (9 years, Table 1 ). In addition, three minerals including litharge (a-PbO), hydrocerrusite [Pb 3 (CO 3 ) 2 (OH) 2 ] and cerrusite (PbCO 3 ), were present in range-O soil. They were absent in range-G and -L soils. However, calcite was identified as one of the minerals in range-G.
Mineralogical analysis XRD results (
DISCUSSIONS Pb concentration was the highest in the very coarse sand fraction
Typical of Florida soils, all three range soils were sandy (495%), with silt þ clay fraction being 51 to 4% (Figure 1 ). This is similar to the texture of 40 Florida surface soils reported by Ma et al. (2007b) , which contains 89 -99% sand. Untypical of contaminated soils, however, Pb concentrations were the highest in the very coarse sand fraction in all three range soils, which were 5 -10 times of those in the silt þ clay fraction (Figure 2) . Our results were consistent with findings of Dermatas et al. (2006a) who reported * 60% of Pb in the coarse fraction (40.425 mm) in shooting range soils. In those soils, there is a lot of fragmentation taking place due to bullets hitting bullets on a continuous basis, resulting in bullet fragments in the coarse fraction.
However, no consistent trend has been observed in metal concentrations in different size fractions in contaminated soils. Increasing Pb concentration with decreasing particle size was observed in roadside-deposited sediments by Sutherland (2003) . This was attributed to increasing surface area for metal sorption. In a study on road dust in urban and industrial areas by Manno et al. (2006) , concentrations of Sb, Mo, Ni and V increase with decreasing particle size whereas those of Cu, Pb, Ba, As, Se and Cr are almost independent of size fraction. Similar trend was observed by who determined Pb distributions in different size fractions in 11 contaminated soils. In general, total Pb concentrations in half of the soils increase with decreasing particle size. Among the six soils contaminated via smelter activities, Pb concentrations are the highest in the largest size fraction (40.5 mm) in three soils, whereas Pb concentrations increases with decreasing particle sizes in the other three soils. On the other hand, Pb in the four Pb-As-contaminated soils shows no trends in distribution patterns. Lead enrichment in coarse particles may reflect large Pb-containing particles from smelting activities in these soils. In addition, the differences in Pb distribution patterns in soils from the same contamination source indicate that other factors, such as soil properties and physical environment, may also impact Pb distribution in different size fractions in soils.
Pb was associated primarily with the organic-bound and carbonate-bound fractions The partitioning of trace metals into different fractions depends on metal chemistry, source of contamination and geochemical processes taking place in the soil. Sequential extraction based on various leaching agents is commonly used to help assess the availability of trace metals in soils . The procedure, however, suffers from non-specificity and resorption during the extraction. Despite these uncertainties, it provides semi-quantitative evidence regarding the forms of trace metals, and indirectly their availability. The method assumes that metal availability decreases with each successive extraction step in the procedure (Tessier et al., 1979) . Therefore, metals in the WE fraction are readily available in the environment, whereas the metals in the RS are tightly bound and are not expected to be released easily under natural conditions.
If this is the case, then the five fractions can be regrouped into three fractions: most available (WE), moderately available (OB þ FM þ CB), and the least available (RS). For all three soils, Pb was primarily associated with the OB and CB fractions (81 -97%), with little in the RS fraction (51%; Figure 4 ). In shooting range soils, the oxidation and eventual carbonation of metallic lead (Hardison et al., 2007) is responsible for the high proportion of lead being associated with carbonates. A previous study showed that the crusts of weathered bullets consisted of a mixture of litharge (a-PbO), hydrocerrusite [Pb 3 (CO 3 ) 2 (OH) 2 ] and cerrusite (PbCO 3 ) (Vantelon et al., 2005) . They proposed that the transition of Pb species after Pb oxidation follows the sequence of litharge to cerussite and to hydrocerussite. These three minerals were all present in range-O soil ( Figure 5 ). The XRD result is consistent with the sequential extraction results showing a dominance of carbonates in range-O soil. The absence of such peaks in range-G and -L may be due to their lower total Pb concentrations and carbonate content.
The dominance of Pb in CB fraction is different from the Pb distribution in other contaminated soils (Ma and Rao, 1997b) . Sequential extraction of trace elements from soils in mining and smelting areas showed that the vast majority of
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Lead in shooting soils in Florida them are present in the immobile RS fraction, with the FM fraction accounting for the remaining (Choplin and Alloway, 2007) . In another study, the Pb concentrations in the 8 contaminated soils in the CB fraction are 53 -57% and in the RS fraction are 4 to 21% . The Pb in the RS fraction in those studies is much greater than those in the three range soils (Figure 4) . The data may indicate that Pb in shooting range soils may have relatively high availability as indicated by the extremely low Pb concentration in the RS fraction. This was also supported by the high Pb concentrations in the EX fraction ( * 9 -10%; Figure 4 ) and water-soluble-Pb in range-G and range-L soils (4.34 -12.1 mg L À 1 ; Table 1 ). The fact that range-O soil had the highest total Pb, TCLP-Pb, and SPLP-Pb, yet the lowest water-soluble Pb (Table 1 ) and EX Pb was interesting. The predominance of BC-Pb and slightly elevated soil pH to 6.72 were probably the cause.
TCLP-Pb and SPLP-Pb were extremely high in shooting range soils Both TCLP-Pb (226 -2,422 mg L À 1 ) and SPLP-Pb (1.2 -3.8 mg L À 1 ) were extremely high in all three shooting ranges (Table 1) , which is consistent with literature. The implication is that the berm materials from these ranges are hazardous materials should the range be closed as TCLP-Pb were 45-to 484-fold greater than the EPA criteria of 5 mg L À 1 . The ratio of TCLP-Pb to total Pb has been used to better understand the high extractability of Pb in shooting range soils (Cao et al., 2003b) . Between 45 and 69% of the total Pb were extracted by TCLP in this study, which are comparable with Cao et al. (2003b) who did the same analyses in five shooting ranges in Florida (41 -80%). However, the ratios in four range soils are different in the study of Dermatas et al. (2006) . The range soils have much lower total Pb concentrations (1.0 -49 mg g À 1 ) and much larger range of TCLP-Pb to total Pb ratio (0.4 to 98%). The highest ratio corresponds to the lowest total Pb and carbonate (0.1 mg g À 1 ) concentration and whereas the lowest ratio corresponds to the highest total Pb and carbonate (378 mg g À 1 ) concentrations. The extremely high carbonate content ( * 38%) and initial high pH (8.7) of the soil increased solution pH from 2.88 to 6.2 during TCLP extraction, thereby resulting low TCLP-Pb. The highest ratio of TCLP-Pb to total Pb in our study, however, corresponded to range-O, which has the highest Pb (Table 1) as well as highest BC-Pb (83%; Figure 4 ). This is because calcite was absent in range-O soil at pH of 6.72 and with total Ca of 900 mg kg À 1 (Table 1 ; Figure 5 ).
Implications for management of shooting range soils Even though a substantial amount of Pb was associated with carbonate fraction, two out of the three shooting ranges was dominated by OB-Pb. This is contrary to the assumption that CB-Pb is dominant in all shooting range soils. The presence of organic matter accelerates the weathering of Pb in the soil increasing Pb availability as observed in the two soils in this study. It is best to use medium sand with no organic matter for berm soil for new shooting ranges.
In ranges with most of the Pb already accumulated in the coarse size fraction, screening and recycling of Pb in these fractions may help to reduce the Pb loading in the soil. Ranges still using metal targets may want to replace them with paper-based targets to limit the amount of fragmentation of bullets into the coarse-sized fractions. A trap for bullets could be built behind the target to catch the bullets and minimize Pb loading to the soil.
The ranges with substantial amount of Pb enriched in the finer fractions may apply amendments containing lime, cement and phosphate rock to limit the availability of Pb. TCLP-Pb extracts most of the Pb in shooting range soils because they are dominant in the non-residual fraction, hence conversion of non-residual Pb forms to the residual forms have been accomplished by addition of phosphate sources (Cao et al., 2003) . However, until the soil is going to the landfill, TCLP test may not be appropriate for shooting range soils. SPLP-Pb extraction is a better estimate of Pb mobility because it simulates unbuffered acid rain.
A natural mechanism for lead attenuation in shooting ranges probably occurs as lead is progressively transformed from metallic lead to lead carbonate. Lead carbonate has been found to control lead leachability and precipitation in shooting ranges (Dermatas et al., 2006) . These may be one of the reasons why the bioavailability of Pb in range-O soil was low despite its elevated Pb concentration (7%). There were no calcite peaks to suggest that lime was applied to the soil and the pH was not very high either.
CONCLUSION
The characteristics of lead in three shooting ranges were investigated in this study. Higher lead bioavailability as in range-L seems to be associated with finer sand fractions, organic matter content, low carbonate content and absence of metallic lead in shooting range berm soils. Lead enrichment index showed decreasing Pb enrichment with decreasing particle size in range-G and -L. Screening and recycling of these coarse sized fractions could be done regularly to reduce lead loading in berm soils. Remediation of shooting ranges involved screening of the berm soils to discard the particle size containing the most lead concentration. The larger they are, the cheaper and easier the remediation process. In soil with low bioavailability (range-O), Pb enrichment occurred in the medium and fine sand fractions. Bioavailability of range-O appears to be low due to natural mechanism of converting metallic lead to carbonate. This may happen in soils with highly elevated total Pb and screening appears not to be applicable here. Bioavailability of Pb in shooting range soils depends mostly on the geochemical and mineralogical constitution of the mid berm soils.
